Appropriate conformal mapping transformation in combination with the linear potential theory is employed to develop mathematical model for two-dimensional sloshing in horizontal circular cylindrical containers with overall eccentric hole. The tube-type tank is filled with inviscid incompressible fluid up to its half depth and subjected to lateral accelerations. A ramp-step excitation encountered in a road turning maneuver as well as real seismic event is used to simulate the lateral acceleration excitation. The resulting linear sets of ordinary differential equations are truncated and then solved numerically by employing Laplace transform technique followed by Durbin's numerical inversion pattern. The effects of excitation input time, eccentricity, and radii ratio on the hydrodynamic responses and suppression of the induced destabilizing lateral forces are examined. Limiting cases are considered and good agreements with available analytic and numerical solutions as well as the simulations performed by using a commercial FEM software package are obtained.
Introduction
Slosh refers to the splash of liquid which has a free surface inside a container that it may also undergo an undesirable motion. Practical examples consist of propellant slosh in spacecraft storage tanks, rockets, cargo slosh in battleship, road vehicles transporting liquids, and nuclear reactors. In order to model this phenomenon extensive mathematical relationships have been derived to explain liquid slosh such as [1] .
Slosh is an imperative effect not only in safety of aircrafts, spacecrafts [2] but also in performance of instruments such as Earth-orbiting satellites [3, 4] and attitude control system (ACS), especially for spinning satellites [5] . Recently, a wide amount of studies on liquid sloshing in horizontal cylindrical tanks with application in road and marine vehicles is done such as [6] [7] [8] [9] [10] .
Budiansky [11] estimated the natural frequencies, mode shapes, and hydrodynamic forces in a circular cylindrical horizontal tank with partially full liquid and under transverse load excitation for the first time. McCarty and Stephens [12] calculated natural frequencies for transverse sloshing in flat cylindrical vessels with various sizes, fullness, and orientations, verifying the results presented in [11] . Moiseev and Petrov [13] measured natural frequencies with Ritz variation method for different tank geometries containing partially full liquid. They also studied the results of the horizontal circular cylindrical container in their results. McIver [14] exerted special coordinate systems to study the two-dimensional sloshing frequencies of fluid in a horizontal circular cylindrical tank filled up to an arbitrary height, reformulating the eigenvalue-sloshing problem in terms of integral equations, which were then solved numerically. Kobayashi et al. [15] found natural frequencies of sloshing for cylindrical horizontal vessel and slosh forces in two kinds of longitudinal and transverse excitation for small and large slosh wave heights experimentally. Evans and Linton [16] introduced a new semianalytical procedure which stated on expanding the velocity potential in terms of nonorthogonal bounded spatial functions to find the natural frequencies of 2 Shock and Vibration sloshing in a cylindrical half full tank. Popov et al. [17] investigated the dynamic response of a partially full tank under a sudden acceleration transverse excitation to the application of road vehicle. Papaspyrou et al. [18, 19] used the semianalytical series-type solution to investigate the dynamic response of sloshing to half full rigid horizontal cylindrical vessels under external seismic transverse force. Dai and Xu [7] used the continuous coordinate transformation to analyze the sloshing liquid in circular cylindrical horizontal container with partially filled liquid. Romero et al. [6] utilized a scaled model for experimental purposes and compared the natural frequencies of different cylindrical containers with circular, elliptical, and finally generic cross section. Karamanos et al. [20] used the "impulsive-convective" decomposition method to analyze sloshing in a cylindrical horizontal circular tank with moving liquid under arbitrary horizontal ground motion. Patkas and Karamanos [21] offered a variational formulation to investigate sloshing induced from external level excitation in a cylindrical horizontal container with arbitrary level of the liquid height. Zhou et al. [22] used a finite element model for investigation of sloshing in cylindrical circular horizontal vessel. Recently, Lakis et al. [23] utilized a hybrid finite element approach combined with Sanders shell theory and classic finite element model to study the effect of free surface motion on dynamic response of a half full cylindrical circular thin anisotropic container.
Reducing the sloshing and consequent undesired results to both environmental damages and economic losses force the researchers to investigate the problem of system stability. These studies aim to consider the natural frequencies, dynamic response, and the fluid motion control for reaching the system stability. Meanwhile, in the practical problems, such as liquid storage tanks, sloshing attenuation may be achieved by covering the free surface of the fluid with a structural member, such as annular plate or disk-type obstacles named baffles. These baffles make the natural sloshing frequencies differ from the excited frequency and cause the energy to dissipate and consequently cause the reduction of sloshing amplitude [24] .
A few years after the time Budiansky [11] considered the natural sloshing frequency for horizontal container, the sloshing suppression behavior in presence of the baffles was considered as an important method in sloshing suppression. Since then, numerous authors considered the effect of baffles on sloshing. For instance, Abramson [26] studied the sloshing in baffled fuel tank of space vehicles. Strandberg [25] presented a series of experimental analyses in dynamic performance and stability of sloshing in cylindrical horizontal containers with various section geometries such as circular section with different shape of baffles. He concluded that the vertical baffles are better in stability of liquid than the containers with horizontal baffles or without any baffles. Cho et al. [27] employed a coupled acoustic-structural finite element model to calculate the eigencharacteristic of an annular plate-type baffled vertical cylindrical liquid tank. Gedikli and Ergüven [24] used a variational boundary element method to investigate the sloshing problem using Hamilton method and evaluated the influence of baffle size and location on natural frequencies of upright rigid cylindrical tank. Gavrilyuk et al. [28] applied an analytically oriented procedure to achieve the fundamental solution of linearized dynamical equation of sloshing for vertical cylindrical tank with horizontal rigid baffle. Biswal et al. [29] developed a finite element scheme based on Galerkin method and used fourth order RungeKutta to solve the nonlinear time dependent sloshing problem in an upright cylindrical tank of rigid body with rigid baffle under sinusoidal base excitation. Modaressi-Tehrani et al. [30] solved the nonlinear three-dimension transient problem of sloshing in a horizontal partially full tank with disk-type circular annular curved baffles using the FLUENT simulation software and considered the influence of baffles on stability of the tanks under input excitation. Maleki and Ziyaeifar [31] investigated the resulting damping ratio from horizontal ring and vertical blade baffles in cylindrical circular vessels using a hydrodynamic model based on Laplace's differential equation of motion. Chantasiriwan [32] used the method of fundamental solution in order to find the natural frequencies and mode shapes of liquid in rigid tanks with arbitrary shape. He also studied the results of a vertical cylindrical tank with a horizontal annular baffle. Hasheminejad and Aghabeigi [33] presented the free lateral sloshing in elliptical cylindrical half full horizontal container with a pair of longitudinal horizontal side baffles using linear potential theory. Yan et al. [34] investigated the slosh forces and moments in a partially filled container under longitudinal excitation experimentally. They also considered various tank volumes, excitations, and baffles in their results and compared them for the different input excitation and sloshing amplitude with and without baffle. Yan et al. [35] presented a two-phase flow dynamic equation of motion for sloshing liquid and solved the problem using Navier-Stokes (NS) solver. They considered various types of excitation and liquid fullness in studying transient and steady state response. They also evaluated their results with actual experimental data and FLUENT software. Pal [36] developed a two-dimensional meshless local Petrov-Galerkin procedure for the numerical simulation of local symmetric weak form of nonlinear sloshing of liquid.
This review obviously shows that there exists remarkable body of literature on liquid sloshing in upright cylindrical containers with a variety of baffle configurations. However, to the authors' best knowledge, exact theoretical or numerical solutions for free lateral liquid motion in partially filled horizontal circular cylindrical containers with overall hole seem to be absent. Faltinsen and Timokha [37] studied the two-dimensional forced liquid sloshing in a circular tank by using the multimodal method which utilizes an expansion in terms of the natural modes of free oscillations in the unforced tank. For this purpose they assumed the fluid to be an incompressible inviscid one with irrotational flow and linear free surface conditions are assumed. Takahara and Kimura [38] investigated the dynamic frequency responses of stable planar and rotary motions in a partially filled annular cylindrical tank, under a pitching excitation. They studied the response at frequency near the lowest resonant frequency. They also considered the nonlinearity of the liquid surface oscillation and the nonlinear coupling between the dominant modes and other modes in their analysis. Papaspyrou et al. [18, 19] tackled the problem of sloshing effects in half full horizontal cylindrical vessels, under external excitation in the direction of the longitudinal vessel axis based on a mathematical model. They calculated the hydrodynamic pressures and forces for harmonic excitation. Robu et al. [39] solved the problem of active reduction in the structural vibrations induced by the sloshing of large masses of fuel inside a partly full tank with application in an aircraft wing made of an aluminum rectangular plate with a cylindrical tip tank. Williams and Wang [40] employed a nonlinear, dispersive, dissipative shallow water theory in two horizontal dimensions to study the waves produced by the bidirectional, translational, oscillatory motion of a rectangular tank partially filled with liquid. Akyildiz [41] studied the liquid sloshing in a moving partially filled rectangular tank with a vertical baffle using a numerical algorithm based on the volume of fluid (VOF) technique. This numerical model solves the nonlinear behavior of liquid sloshing considering the complete Navier-Stokes equations in primitive variables by using finite difference approximations with the moving coordinate system. Jung et al. [42] aimed at investigating the effect of the vertical baffle height on the liquid sloshing in a laterally moving three-dimensional rectangular tank. They modeled the fluid as incompressible viscous two-phase flow in a tank of partially filled and employed the VOF method based on the finite volume method which has been utilized. Wu et al. [43] used a time-independent finite difference scheme with fictitious cell technique to analyze viscous fluid sloshing in 2D tanks with baffles. They employed Navier-Stokes equations in a moving coordinate system and mapped them onto a time-independent and stretched domain. Ali Goudarzi and Reza Sabbagh-Yazdi [44] investigated the nonlinearity in the numerical modeling of the liquid sloshing. These nonlinear terms originated from the governing equations of the fluid flow and the liquid free surface motion. Faltinsen et al. [45] classified the steady state three-dimensional resonant waves in a square-base tank by using the asymptotic modal system. They analyzed the effective frequency domains of stable steady state motions versus mean fluid depths and forcing amplitude. Marsh et al. [46] demonstrated the effect of a sloshing absorber's shape on liquid sloshing control performance of partially filled tank, numerically. For this purpose they used smoothed particle hydrodynamics (SPH) to model fluid-structure interaction of the structure/sloshing absorber system in two dimensions. Askari et al. [47] developed an analytical method to investigate the effects of a rigid internal body on bulging and sloshing frequencies and modes of a cylindrical container partially filled with a fluid using the Rayleigh quotient, Ritz expansion, and Galerkin method. Takahara et al. [48] investigated the nonlinear liquid motion originated from considering the nonlinearity of the liquid surface oscillation in a partially filled cylindrical tank with an eccentric core barrel. They also examined the effects of the eccentricity of core barrel on liquid surface oscillation, experimentally.
The main purpose of the current paper is to use the linear potential theory to fill the gap of partially filled horizontal circular cylindrical containers with overall hole. Meticulous consideration is paid to calculate the effect of overall circular cavity along the main axis of the container. It is assumed that the liquid is inviscid, incompressible, and restricted to small displacement irrotational sloshing. Also, the container is assumed to be a rigid one. The effect of viscosity is known to play a minor role in the sloshing behavior of liquid with low viscosity and tank with smooth surface [49] . The proposed model is of practical interest essentially due to its inherent value as a canonical problem in liquid sloshing dynamics.
Formulation
The geometry of the sloshing container is shown in Figure 1 . The region between the two eccentric tubes in the horizontal circular tank has been filled to its half capacity with an incompressible and nonviscous liquid. As one can see in Figure 1 , the inner and outer tube have the radii of 1 and 2 with center axis located at 1 and 2 , respectively. Moreover, the eccentricity of the tank is taken to be . The coordinates of system ( , ) are chosen in the plane perpendicular to the cylinder base. The -axis is in the plane of free surface, which occupies 1 + 1 ≤ ≤ 2 + 2 and 2 − 2 ≤ ≤ 1 − 1 and -axis points vertically downwards through the midpoint of the free surface. In order to formulate the equation of motion an arbitrary motion, ( ), is assumed to be in the -axis. Consequently, the velocity and acceleration of the container can be written as( ) and( ) = ( ), respectively. As mentioned before the fluid within the container is assumed to be ideal fluid. This assumption entails the existence of a velocity potential function which satisfies the Laplace equation; that is, ∇ 2 Φ = 0. The free surface height is assumed to be adequately small, allowing linearization of the problem. In addition, the potential function Φ is subjected to the following linearized mixed dynamic/kinematic free surface conditions (Wang et al. [50] ):
with being the gravitational acceleration. Moreover, the total velocity potential may be decomposed as Φ = Φ + Φ . The first term, Φ , which entirely tracks the external excitation, is directly related to the liquid rigid body motion, written as Φ =( ) [1] , while the second component, Φ , which indicates the sloshing component, implies the liquid motion with respect to the rigid container. By substituting the decomposition Φ =( ) + Φ into (1), the original problem may be reduced to the solution of Laplace equation, ∇ 2 Φ = 0, in a semicircular region, with the following boundary condition at the free surface:
Also another boundary condition that has to be satisfied is the zero normal liquid velocity at the rigid container boundaries
where is the normal vector to the rigid boundary. In order to satisfy boundary condition (3) on the outer surface, inner tube, and the free surface boundary conditions (2), one has to transfer the geometry of the problem into a simpler one by using the appropriate mapping. Using such a mapping will result in reformulating the problem into the standard Laplace equation of ∇ 2 = 0 [33] . Also, by using this method the partial differential equation will be simplified to an ordinary system of differential equations. Here, the detailed procedure of finding the solution for a container with an inner eccentric tube (see Figure 1 ) will be described. By using the following complex function the circular zone with inner eccentric tube of radius 1 and outer radius of 2 in -plane will be mapped onto an annular tube with inner and outer radius of 1 and 2 on -plane, respectively. Consider
where , 1 , and 2 are geometric constants which can be calculated as
It is clearly seen from Figure 2 (b) that the outer and inner eccentric circles are mapped onto the two concentric circles with 2 and 1 radii, respectively. Meanwhile, the free surface will be mapped onto the boundaries = ± /2 in the -plane. The solution of Laplace equation which satisfies both inner and outer wall boundary conditions can be written in form of series as
in which = / ln( 1 / 2 ). It should be noted that the only mode shapes that are considered in the solution are Shock and Vibration 5 antisymmetric modes. This is because of the fact that the symmetric mode shapes under transverse loading will not be excited [11] . Furthermore, by using the chain rule in differentiation, one can rewrite the free surface boundary condition (2) in the -plane as
where
It should be noted that the ( ) function contains the geometric parameters. By substituting (6) in (7) one will get
where ( , ± /2) will be calculated by substituting = 0, = ± /2 in (4) and solving the resulting equation with respect to . Then, by using Euler orthogonal expansion functions with respect to the weighting function of 1/ , the product functions of ( ) ( ) can be calculated as
by utilizing expansion (11) in (9), (12) can be written as
Then, by multiplying both sides of (12) in (1/ ) cos[ ln( / 2 )] and integrating both sides in the interval [ 1 , 2 ] the results will be as follows:
= 0, 1, . . .. Finally, with truncation of (13), one will get
is vector of unknown generalized coordinates, and f = [ 1 , 2 , . . . , ] is the external excitation coefficient vector. Also, , , and describe the external excitation vector, mass matrix, and stiffness matrix, respectively. And is the truncation constant. The transient response of the coupled system will be calculated by solving (15) . For this purpose and in order to transfer the results from Laplace domain to time domain the inverse Laplace based on Durbin method will be utilized. By assuming the initial condition to be zero, that is, (0) =(0) = (0) = 0, and implementing Laplace transformation in (15) one will get
where ( ) and ( ) present the transformed relations of ( ) and ( ), respectively. At this point, the generalized coordinate vector ( ) can be solved using (16) as
Moreover, by using (6) together with kinematic free surface condition, / = (1/ ( ))( / ), in which ( , ) presents the free surface height, the following expansion can be written:
where ( ) = ∫ 0 ( ) . Furthermore, by using the Laplace transformation properties, that is, ( ) = (1/ ) ( ) (Hildebrand [51] ), the transformed equations of motion (16) lead to
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where ( ) = [ 1 ( ), 2 ( ), . . . , ( )] . By using the modal coefficients (20) in (18) one can calculate the free surface height in the -plane. Finally, in order to map the results onto the physical original -plane, (4) will be used. The hydrodynamic pressure can be calculated on container's wall and inner tube by substituting the expansion series (6) in = ( ) + and using linear Bernoulli equation (1) at = 1 , 2 , respectively, as
in which , wall , and tube are the density of the fluid and pressure on containers wall and inner tube, respectively (see Figure 1) . Also, by implementing derivative relation of Laplace transform, ( ) = ( ), in (12) and using ( ) = ( ), the pressure coefficient vector will be achieved as follows:
where P( ) = [ 1 , 2 , . . . , ] . The horizontal force per length of the tank calculated by integrating the dynamic pressure (21) in the form
where 
which states for fluid liquid sloshing. Also, is the mass of the fluid per unit length of the tank. It should be noted that in the simulations only the horizontal force which can cause the instability of the tank is investigated.
Numerical Example
In this section the transient response of the presented model is investigated for various key parameters such as radii ratios of 1 / 2 and eccentricity ratios under different lateral excitation. Realizing the large number of parameters involved here while keeping in view our computing hardware limitations, we will confine our attention to a particular problem. Accordingly, it is assumed that the circular tank ( 2 = 1) with half full water ( = 1000 kg/m 3 ) is excited under two external excitations as shown in Figure 2(a) .
Ideal turning movement (Figure 2(a) ):
El Centro 1940 earthquake (Figure 2 (b)): http://www.vibrationdata.com/elcentro NS.dat. It is also assumed that the final steady value of 0 is equal to 0 = V 2 / = 0.3 g with V and being the speed of tank and maneuver radius, respectively. A symbolic software (Mathematica) is utilized in order to calculate the physical parameters: , , , , , , , and . Also, for numerical integration the integrate function is used. Moreover, as it is mentioned before for numerical Laplace inverse the Durbin method is used to calculate ( ), ( ), and ( ) in (17) , (20) , and (22), respectively. For the lateral ground acceleration (Figure 2(b) ), the built-in Mathematica function "NDSolve" was used for solving the system of ordinary differential equations (15) and subsequently obtaining P( ) = ( )/ . The convergences of the numerical calculations are guaranteed by increasing the constant max = 700 and truncation constant max = 30. Before presenting the results, the validation of the presented model is investigated. For this purpose, the simulation results are compared to those presented by Strandberg [25] for the maximum steady state 3 . This wave speed corresponds to a bulk modulus of 2.07 MPa (three orders of magnitude less than the actual bulk modulus of water, 2.07 GPa). Adaptive meshing is utilized in order to model the liquid domain. Moreover, the sliding boundary condition is employed for defining the contact face because the shearing, which is caused by the sloshing motion, is zero. The frequency and the intensity of adaptive meshing have to be increased to offer a smooth mesh. The value of the frequency parameter on the adaptive mesh option is reduced from the default of 10 to 5, and the value of the mesh sweeps parameter is increased from the default of 1 to 3. The 4-node bilinear plane strain quadrilateral element is used for FEM analysis. Results as shown in the first subplot of Figure 3 Figure 3 (a) are in a good agreement with the three first nonsymmetrical natural frequencies that are presented by McIver [14] . Table 1 presents the first four normalized antisymmetric/symmetric sloshing frequencies ( 2 2 / ) of the horizontal circular tanks with eccentric tube, for the limiting case of a nearly unbaffled ( 1 / 2 ≈ 0) constant outer radius vessel ( 2 = 1 m), with the aim of matching the results calculated by the first three columns of levels [14] for the sloshing frequencies in a partially filled (unbaffled) circular tank at selected liquid fill level ( / = 1). Note that the natural sloshing frequencies were obtained by direct treatment of the eigenvalue problem (K + 2 M)̃= 0. The outcome as displayed in Table 1 exhibits good agreements with the data provided in Table 1 of McIver [14] .
The first column of Figure 4 shows variations of the antisymmetric and symmetric nondimensional eigenvalues ( 2 ) for variations of radius ratios of 1 / 2 in different mode shapes at the specified eccentricities. However, the effect of variation of the eccentricity for specified radius ratios is shown in second column of Figure 4 . The most important observations are as follows. First, as it is reflected in Figure 4 , the eigenproblem of (15) has a trivial symmetric solution of constant Φ = 0 which can be considered as the first symmetric mode. It is also clear that frequency of the fundamental antisymmetric mode decreases by increasing 1 / 2 while the higher eigenvalues show completely different trends. Another observation associated with the water waves is existence of a critical value of 1 / 2 for each antisymmetric mode, after which the antisymmetric nondimensional frequency merges with its lower symmetric mode. In other words it can be stated that the symmetric modes are lower bounds of the antisymmetric ones. Also, as one can see this critical value decreases as the eccentricity increases. An important distinction between variation of antisymmetric and symmetric frequencies is that the eigenvalues of the higher antisymmetric modes are not monotonic while their symmetric counterparts increase monotonically. However, this effect decreases for higher values of eccentricity. In the following, the dynamical characteristics of the system will be evaluated for different geometrical constants. Moreover, for demonstrating the transient responses the following transformation is used to present the results dimensionless:̃= / 0 ,̃= √ / 2 . The simulations are done for the different radius ratios ( = 1 / 2 = 0.3, 0.5, 0.8), eccentricities ( = 0, 0.5, 0.8), and input dimensionless time (0 = 0.01, 1, 2.5, 5).
It should be noted that due to the linear nature of the model the magnitude of the dimensionless force is not a function of the 0 = 0.3 g [53] . As it can easily be seen in Figure 5 , after reaching a steady acceleration, the lateral forces continue to oscillate around the equilibrium point without any damping (ideal liquid). As a result the induced vibrating forces under oscillatory excitations, especially for sudden accelerations, cannot be ignored. Meanwhile, the vibrating amplitude decreases as times goes on. The first case (0 = 0.01) demonstrates sudden acceleration excitation which caused the system to oscillate with the maximum sloshing magnitude which should be prevented in liquid moving vehicles.
It is clear that as the radius ratio increases the free surface length decreases and as a result (the sloshing force) decreases. However, by considering nondimensionless force / 0 , as 1 increases decreases. And, finally, the amplitude of the induced sloshing force enhances at first and then reduces with respect to amplifying radius ratio. Another observation is that by increasing the eccentricity constant the pressure on the tank wall increases which is a result of increasing the liquid motion ability (see Figure 5) . Also, by increasing (decreasing) the radius ratio simultaneously, the effect of eccentricity on pressure profile shrinks (increases) because the free surface area lessens. Moreover, increasing the radius ratio will result in decreasing the first natural frequency unlike the higher order mode shapes. As a result, by increasing the radius ratio the sloshing frequency decreases (see Figure 5 ). This is because of the fact that the first mode shape is the dominant one in the transient sloshing response. With the same logic, increasing will result in decreasing all natural frequencies and sloshing frequency. Note that, in Figure 5 , as 0 decreases to the minimum simulated value of ( 0 = 0.01), the external excitation at initial time changes from ramp to a step so we havẽ
If that is the case, having in mind (22) and (0 + ) = lim → ∞ ( ) in the Laplace domain, the initial pressure response will be as follows:
One can conclude that, in Figure (5) , the time response for 0 = 0.01 will not start from zero and it has an initial value. Dependence of ( ) on and leads to dependence of vector on these parameters, so initial value of force changes by changing and . It makes sense that a sudden increase in actuation causes a sudden increase in force. For 0 < < 5 sec, without considering the geometry of the problem, the amplitude of the sloshing and ( ) is very small and the rigid body mode ( ( )) plays the major role in the dynamic lateral response. For 5 < < 35 sec, the sloshing force component increases in counteraction with the rigid body mode. However, in the cases where the radius ratio is high but the eccentricity is negligible, the rigid body mode will again dominate the sloshing force which leads to decreasing the sloshing free surface. For final time period, for 35 < sec, irrelevant of geometry of the problem, the sloshing forces due to the rigid body motion diminish because of significant reduction in excitation amplitude and as a result the sloshing forces play the important role in dynamic response of the hydrodynamic system. In other words, the impulsive characteristic of the hydrodynamic response is suppressed and the system response becomes convective. Finally, it should be noted that, at high radius ratios, the effect of eccentricity becomes bolder in the transient response. For instance, in high eccentricity ratios the dropping sloshing frequency is because of the excitation of the higher order mode shapes that is not the issue for low radius ratios.
Furthermore, Figure 7 visualizes the typical pressure distributions acting on the tank wall as well as tube and free 
Conclusion
Reducing the sloshing and consequent undesired results to both environmental damages and economic losses force is the main purpose of the presented paper. In order to reach the system stability under transverse sloshing a new configuration is presented based on eccentric overall hole. An analytic approach based on the linearized theory of surface gravity waves in conjunction with the powerful conformal mapping technique is employed to investigate the transient twodimensional sloshing dynamic response of a perfect liquid partially filling a nondeformable horizontal circular eccentric annular tank. A detailed parametric study for examining the influence of the tube eccentricity and tube radius ratio on the hydrodynamic response is performed. In order to examine the performance of the designed configuration in suppressing the sloshing the system response under two separate excitations is evaluated: a ramp-step excitation encountered in a road turning maneuver as well as real seismic event is used to simulate the lateral acceleration excitation based on Laplace transform technique and Durbin's numerical inversion pattern. The effects of excitation input time, eccentricity, and radii ratio on the hydrodynamic responses and suppression of the induced destabilizing lateral forces are examined. Some of the most important observations are summarized as follows.
(i) After reaching a steady acceleration, the lateral forces continue to oscillate around the equilibrium point without any damping (ideal liquid). As a result the induced vibrating forces under oscillatory excitations, especially for sudden accelerations, cannot be ignored. (ii) The largest lateral force response oscillations are noted for maneuvers with the lowest input time (swift accelerations). Moreover, as the input time increases, effects of tube size and/or configuration on the force response progressively decrease. (iii) As the radius ratio increases the free surface length decreases and as a result decreases. (iv) By increasing the eccentricity constant the pressure on the tank wall increases which is a result of increasing the liquid motion ability. Also increasing the radius ratio simultaneously, the effect of eccentricity on pressure profile shrinks (increases) because the free surface area lessens.
In addition, the validation of the presented model is evaluated by comparing the results with those obtained from recent models and commercial FEM software package.
